We carried out wind tunnel experiments on parabolic flights with 100 µm Mojave Mars simulant sand. The experiments result in shear stress thresholds and erosion rates for varying g-levels at 600 Pa pressure. Our data confirm former results on JSC Mars 1A simulant where the threshold shear stress is lower under Martian gravity than extrapolated from earlier ground-based studies which fits observations of Martian sand activity. The data are consistent with a model by Shao and Lu (2000) and can also be applied to other small terrestrial (exo)-planets with low pressure atmospheres.
Introduction
Dust storms are a common phenomenon on Earth. They can e.g. be observed in the Sahara, which is the largest source of aeolian soil dust and sand on Earth (Schütz et al., 1981; Goudie and Middleton, 2001) . The causes and consequences of dust storms cannot be attributed to simple mechanisms. The behavior on the global scale is chaotic and the frequency of such storms changes over time (Goudie and Middleton, 1992) . However, conditions for dust and sand activity can be described with a microscopical force balance between gravity, cohesion, lifting wind forces and other attractive and repelling forces, e.g. a Coulomb force for single grains (Shao and Lu, 2000; Kok et al., 2012) .
Beyond Earth, dust storms are observed on the Martian surface and have a huge impact on the planet's weather (Smith, 2004; Heavens et al., 2011; Zurek, 2017 ). However, aeolian particle transport on Mars is still not fully constrained as indicated by recent observations (Lapotre et al., 2016; Baker et al., 2018) . The main difficulties researching dust storm activity on Mars are the altered gravity of 0.38 g E with Earth's gravity g E = 9.81 m s −2 and the low pressure of 6 mbar. Experiments at low pressure but 1 g E were carried out in the past, e.g., in the Martian surface wind tunnel at NASA Ames (Greeley et al., 1976 (Greeley et al., , 1980 Email address: maximilian.kruss@uni-due.de (Maximilian Kruss) 1985). Greeley et al. (1980) modelled the particle lifting in 0.38 g E with low-density materials. However, the inferred wind velocities needed to mobilize grains were higher than wind speeds on Mars, e.g., measured by the Viking and Phoenix landers, and could not explain particle occurrence within the Martian atmosphere (Hess et al., 1977; Schofield et al., 1997; Forget et al., 1999; Holstein-Rathlou et al., 2010) . White et al. (1987) studied the gravity dependence on the threshold wind speed for motion initiation with a centrifuge on a parabolic flight. However, their experiments were performed under Earth's atmospheric conditions. Despite all studies in the last decades, it is still an open question which mechanisms advantage particle lifting and how strongly they contribute to it (White et al., 1987; Sullivan et al., 2005; Greeley et al., 2006; Merrison et al., 2008; Sullivan et al., 2008; Kok, 2010b; Bridges et al., 2012) . Durán et al. (2011) and Rasmussen et al. (2015) give comprehensive overviews on aeolian sediment transport and mass fluxes. Numerical simulations often use artificially reduced thresholds for motion initiation to match the observations (Daerden et al., 2015) . Effects like thermal creep due to the illumination by the sun (de Beule et al., 2014) , the pressure drops within dust devils , a lowered sediment compression in lower gravity (Musiolik et al., 2018) , or different materials might support particle lifting in general.
Until today, no studies of the particle lifting mechanism for a freely chosen (low) gravity and (low) pressure exist. This is certainly attributed to the lack of small terrestrial planets with atmospheres in the Solar System in which dust and sand activity is possible. However, the number of exoplanets detected over the last years is large and the data base is continuously growing (exoplanet.eu, 2019) . Phase curves of planets or transit measurements might provide information on the surface or atmosphere of exoplanets. As planets like Mars can enshroud themselves in planet encircling dust storms, it is important to understand how particles are lifted under different gravity and different atmospheric conditions, i.e. pressure.
In this study, we significantly extend earlier work by Musiolik et al. (2018) who argue that threshold velocities needed to initiate saltation might not be as high as thought before. While that data pointed in a favorable direction, the amount of total data was rather scarce. We expand the database significantly here. Besides measurements of threshold velocities with another sample material, we also present data in a wider gravity range of 0.15 -1 g E and compare it to theoretical models. Furthermore, new aspects of erosion rates and gravity dependence are presented in this work for the first time. The experimental setup is shown in Fig. 1 and is the same which was used by Musiolik et al. (2018) and Demirci et al. (2019) . For details, the reader is referred to these studies. However, the principle of the experiment is summarized as follows. The setup consists of a low pressure wind tunnel with a cross-section of 10 x 10 cm which is mounted onto a centrifuge. The rotation speed determining the centrifugal forces can be set up to 2 Hz. As the experiments were carried out under microgravity conditions during a parabolic flight with residual acceleration smaller than 0.05 g E , it was possible to simulate an acceleration between around 0.15 and 1 g E . The force was acting on a 4 x 4 cm sized sample bed which was exposed to the wind flow of an adjustable fan. The maximum wind speed in the centre of the wind tunnel is around 15 m s −1 . Within the scope of this work, the wind velocity in the centre of the wind tunnel is of minor importance, as the wind velocity is traced close to the surface of the sample bed. After passing the wind tunnel, the gas can flow back through the free space between the wind tunnel and the vacuum chamber, as it is illustrated in Fig. 1 . The maximum Reynolds number inside the wind tunnel is on the order of Re ≈ 800 but the exact wind profile is not known. Since it takes some time until a certain fan velocity is established wind speeds were not varied within a parabola but kept constant.
Experiments

Microgravity Setup
There are two additional mechanisms to control the sample bed. A shutter, which only opens for the measurements in microgravity, covers the sample to avoid any particle spillage. The lifter unit underneath the particle bed can push the sample up to ensure that the surface of the sample is always exposed to the wind.
Prior to the parabolic flight, the chamber was filled with CO 2 at a pressure of around 6 mbar which equals Martian atmospheric conditions. We note that the experiment was carried out under room temperature. Real temperatures on Mars are subject to large diurnal and seasonal variations as are pressures and it has to be kept in mind that local temperature but also pressure on Mars might differ from our experimental conditions. For each parabola a set of rotation frequency and wind speed was chosen. Potential erosion of the particle bed was observed from the side with a camera at a frame rate of 450 fps using bright field illumination. Camera and illumination are not shown in Fig. 1 for simplicity.
Sample
Mojave Mars Simulant (MMS), which is a common analog for Martian regolith (Peters et al., 2008) , was used as sample for these experiments. Obviously, choosing a realistic material for different planetary surfaces in general is not possible. However, basaltic material seems to be appropriate since it is very abundant in the Solar System and we consider it as suitable for the designed experiment.
The sample was tempered at 200 • C for 24 h to remove volatiles (especially water). It was then sieved to limit the range of grain sizes. The grain size distribution was determined using a commercial device (Mastersizer 3000, Malvern Instruments) based on light scattering.
The resulting grain size distribution (see Fig. 2 ) is bimodal: There is a fraction of dust particles from around 1 to 15 µm. Noting the logarithmic scale, this is measurable but in total it is only a small contribution to the total particle volume. Besides this dust fraction there is a broad peak of sand grains around 100 µm in size. Only the sand is accessible for observations due to the limited spatial resolution of the camera. Like in Musiolik et al. (2018) the shutter lifts a large part of the sample every time it is opened. As the lifted particles fall back afterwards, the surface layers of the sample always consist of grains which settled under the respective low gravity. 
Results
Saltation Threshold
Once the wind-induced shear stress on the surface reaches a certain value, motion of individual grains is initiated. This threshold shear stress τ t = ρu * t 2 is characterized by the threshold friction velocity of the wind u * t and the gas density ρ. By varying the fan speed in the given setup, the threshold between particle motion and no motion can be observed. It has to be noted that the wind velocity can only be changed in discrete steps.
The applied friction velocity u * a at a given fan speed is determined by analyzing the trajectories of lifted grains. Fig. 3 shows an example trace of a lifted particle. This measurement was carried out slightly above the threshold of motion initiation. Wind speeds only lower by one discrete step did not affect the sample bed. Grains of the given size at the low pressure are not instantly coupled to the gas. They are accelerated during observation. The coupling process is characterized by a coupling time t c . The acceleration of the grains in flow direction (x-direction) at a constant height h above the sample bed is, e.g., described by Wurm et al. (2001) 
with fit parameters v(h), v 0 , t c and x 0 being the gas velocity, the initial velocity, the coupling time and a constant, respectively. The wind profile above the surface can be mapped by tracking several grains which are lifted to different heights. We did not restrict the analysis to a certain point of time or location, but considered lifting events over several seconds and along the whole sample bed. This way any temporary fluctuations are averaged.
1mm Figure 3 : Superposition of 10 subsequent frames at the threshold under Martian gravity. The encircled positions of the lifted particle were used for the fit of the gas velocity according to Eq. 1. The dotted line indicates the surface of the particle bed (h = 0). As an example, Fig. 4 shows the wind profile at the threshold under Martian gravity. The variations of the binned data reflect the uncertainty of the size of lifted grains. It was not possible to determine their exact size based on the images. The resulting data was fitted linearly because in viscous sublayers close to the ground the velocity increase can be described as linear with height (Sternberg, 1962) . This dependence has also been applied in former work (Merrison et al., 2008; Musiolik et al., 2018; Demirci et al., 2019) . The friction velocity in a Newtonian fluid is calculated according to (Schlichting and Gersten, 2006) 
For CO 2 at room temperature and at a pressure of 6 mbar, the dynamic viscosity and the gas density are η = 1.5 × 10 −5 Pa s (Laesecke and Muzny, 2017) and ρ = 1.12 × 10 −2 kg m −3 , respectively. This finally yields a measured threshold friction velocity for Martian gravity of u * t = 0.72 +0.04 −0.06 m s −1 . The uncertainty is calculated by error propagation taking into account the error of the slope in Fig. 4 . In addition, the lower limit is also affected by the stepwise increase of the wind speed. The difference of u * a between two discrete steps is around 0.02 m s −1 . If the applied friction velocity exceeds u * t , the sand grains used in this experiment can be lifted under Martian conditions. For extending the investigation from Mars to other planetary bodies and to get a better scaling on gravity in general, it is necessary to vary the gravitational forces acting on the sample bed. It was possible to determine the threshold friction velocities for five different accelerations, including a ground-based measurement. The results are summarized in Tab. 1. The uncertainty of the accelerations is caused by the residual accelerations during the parabolas. Shao and Lu (2000) developed an analytical expression for the dependence of u * t on gravity. In particular, they compare the shear stress necessary to lift a particle with the sum of gravity and cohesion, which has to be overcome:
The particle's density ρ p , its diameter d and the gravitational acceleration g describe the influence of gravity, Figure 5 : Dependence of the measured threshold shear stress on gravity g overlaid by the model of Shao and Lu (2000) . The linear fit is described by ρu * t 2 (g) = (7.5 ± 1.5) × 10 −4 kg m −2 · g + (3.2 ± 0.8) × 10 −3 kg m −1 s −2 .
while the surface energy γ is a measure of cohesion. A N is a dimensionless coefficient.
The linear dependence of the threshold shear stress on gravity is in agreement with the experimental data as seen in Fig. 5 . Assuming a mean particle size of d = 100 µm, the linear fit in Fig. 5 yields A N = (2.7 ± 0.5) × 10 −3 and γ = (1.2 ± 0.5) × 10 −4 J/m 2 . Again, the uncertainties are obtained by error propagation considering the error of the fit in Fig. 5 . We note, that these values are calculated for monodisperse particles with d = 100 µm. As shown in Fig. 2, this is an approximation to our sample. Nonetheless, we consider the calculated values to be useful to give an estimate of the magnitude of A N and γ. The fit also indicates that, for the given sample of irregular shaped MMS particles, cohesion plays an important role as it dominates over gravity below an acceleration of around 4 m s −2 . This behavior stands in contrast to the result of Demirci et al. (2019) who used glass beads of a much larger diameter. As expected, the reaction to wind exposure of that sample is mainly dominated by gravity.
Erosion Rates
In addition to the threshold wind velocities for motion initiation, also the erosion rates for stronger winds were measured. If u * a > u * t grains are removed and the shape of the surface changes as Fig. 6 illustrates. Panels (a) and (b) show raw images of the samples with grains being lifted by the wind drag (panel (a) the start of the experiment and (b) the end of the experiment).
To determine the eroded mass at a given time the initial image at time zero and the image at the given time are binarized and the difference image is calculated as shown in panel (c). The eroded material appears black in the difference image. The cross-sectional area A of this eroded material is used to quantify the erosion rate. As only the two-dimensional cross section is visible, the real 3D shape of the heap is not accessible for observation and its extent in the third dimension has to be estimated. Here, the particle bed is modeled as depicted in Fig. 7 . While W and L describe the dimensions of the heap, l measures the extent of the heap where erosion is observed. For simplicity, in this model the eroded volume is assumed to be V = A · W. We note that this is an overestimation as the real shape is not known and the cross section along W might be curved. The volume V can be converted to the eroded mass using the bulk density ρ of the sample which was measured on ground to ρ = 1110 kg m −3 . The eroded mass alone is not a suitable quantity to compare different measurements. Due to the shutter of the sample bed, the heap cannot repeatedly be prepared in the same way and its size varies. To take that into account, the eroded mass is normalized to the active surface area where erosion is observed. This yields Fig. 8 shows the temporal evolution of the cumulated eroded mass during the measurement shown in Fig. 6 . Once the shutter opens, a large amount of grains is entrained and settles back shortly after. During the first seconds, this loose layer is removed easily until the windward side is adapted to the wind exposure. Then, typical slope angles of the particle bed are around 6 to 10 • in our experiments. This adaptation period is mirrored by the disequilibrium in Fig. 8 . The number of saltating grains grows abruptly leading to a steep increase of the eroded mass until an equilibrium is established with linear mass loss. This is equivalent to a constant erosion rate . Slight variations of the eroded mass over time appear due to the accuracy of the binarization (see Fig. 6c ). This analysis is not sensitive to particle size. The erosion process is not constrained to individual grains but whole layers of material are removed. At first, the erosion rate was studied under Martian conditions. The wind speeds were varied between the threshold value u * t = 0.73 m s −1 and the maximum speed. As expected, erosion gets stronger at larger wind speeds above the threshold, as seen in Fig. 9 .
Recent models predict the erosion rate to be proportional to the excess shear stress ∼ τ a − τ cr (Martin and Kok, 2017) . The critical stress τ cr is mostly associated to the impact or dynamical threshold, which is lower than the fluid threshold τ t (Kok, 2010a) . This quantity takes into account that the saltation process can be sustained by impacts of entrained particles (Durán et al., 2011) . The impact treshold is not accessible in our experiment since the measurement time in one parabola is too short to change the wind speed during a parabola. Here, erosion can only be related to the fluid threshold. Creyssels et al. (2009) and Durán et al. (2011) find a quadratic dependence on the applied friction velocity in wind tunnel experiments. Fig. 9 includes a fit scaling linearly with the excess shear stress and thus quadratically with the applied friction velocity. Furthermore, the data is also fitted to a cubic dependence on the velocity as was proposed by Ho et al. (2011) for a rigid particle bed. Durán et al. (2011) also find a cubic scaling for velocities well above the threshold. It has to be noted that, here, the fluid threshold is used instead of the impact threshold.
By applying the analysis to measurements carried out under varying acceleration, it is possible to investigate the influence of gravity on the erosion rate. The applied wind velocity was set to the maximum value. The results are summarized in Fig. 10 . The determined erosion rates are accurate to a percent level. The large variations are due to different particle bed conditions. Nevertheless, spanning an order of magnitude, the data show a clear decrease of erosion rate with gravity as expected. A trend line scaling linearly with gravity is included.
Discussion and Conclusion
The threshold friction velocity for wind induced motion of Mojave Mars Simulant grains was measured under Martian conditions. The values are even slightly lower than those obtained by Musiolik et al. (2018) for JSC sand of a comparable size distribution. Thus, the results presented here extend the range of materials which allow motion initiation at lower wind speeds than thought before. Simulations of sand transport on Mars could therefore rely on lower thresholds without artificially reducing these values. The general dependence between threshold shear stress and gravity below 1 g E and for mbar pressure could be studied experimentally. For the given sample and in the mbar pressure regime the data can be explained by the theoretical model of Shao and Lu (2000) . There are also several bodies in the Solar System showing wind phenomena. Of course, neither the chosen gas type and pressure nor the used sample material are representative for other planetary bodies than Mars. However, the results give an estimate of how particle motion is triggered on surfaces of exoplanets with lower gravity.
To understand particle transport and to make any predictions about weather phenomena on those bodies, it is also crucial to know erosion rates. The evaluation of the amount of eroded particles presented here is far from being exact due to the lack of 3D information and varying shapes of the particle bed. However, the eroded mass can be estimated by using the model presented in Fig. 7 . A more thorough analysis of the erosion process would require a better measurement of the eroded mass as well as a longer observation time, which is a limited resource in parabolic flights. The residual acceleration of the aircraft and the need to lift the sample during the microgravity phase usually limit the observation time to less than 10 s.
The data are compared to two different models with quadratic and cubic dependence on u * a . As the impact threshold cannot be measured here, the models differ from those by Ho et al. (2011) and Martin and Kok (2017) . According to the data the erosion rate seems to grow rather cubic-like under Martian conditions. Kok (2010a) found an impact threshold to maintain saltation which is an order of magnitude lower than the thresh-old u * t to initiate the saltation process. This large difference cannot be confirmed by this experiment as the exact value for the impact threshold was not measured. Making a more accurate statement would require more and better measurements. The characteristics of the erosion process are not representative for all local Martian conditions, but our data may give an idea of the change of erosion with speed for shallow slopes.
Finally, the presented study is a first investigation of how erosion rates are influenced by lower gravity which has not been subject of experimental work so far.
